1. Introduction
===============

Chitin is a linear polysaccharide made of β-1,4 linked *N*-acetyl-D-glucosamine (GlcNAc). More than 1 × 10^10^ to 1 × 10^12^ tones of chitin are produced annually in terrestrial and marine habitats, making it the second most abundant polysaccharide in nature, after cellulose. Chitin is insoluble in water and exists with different degree of acetylation, different molecular sizes (up to several MDa), and can associate with other organic and inorganic compounds. It occurs mainly as a structural component in the cell walls of fungi and yeast and the exoskeletons of insects and crustaceans. Chitosans are components derived by enzymatic deacetylation of chitin and are found in the cell walls of certain fungi \[[@b1-ijms-12-00056]\].

In a previous study, we reported a simple and rapid detection technique for in-gel glycol chitosan activity staining \[[@b2-ijms-12-00056]\]. The samples containing chitinolytic enzymes were prepared with β-mercaptoethanol-free loading buffer and separated by electrophoresis utilizing 12% SDS--PAGE containing 0.01% (w/v) glycol chitosan. Clearance of the embedded glycol chitosan by the enzymes can be detected after electrophoresis by a modified Coomassie Brilliant Blue G 250 staining \[[@b3-ijms-12-00056]\].

Streptomycetes are soil-dwelling mycelial bacteria that produce a large number of secreted proteins and many secondary metabolites, including important antibiotics. Chitin is a major nutrient source for many streptomycetes, and these microorganisms have developed complex extracellular systems for chitin utilization \[[@b4-ijms-12-00056]\]. Analyses of the genomes of various *Streptomyces* strains have revealed many chitinase genes, potentially enabling them to hydrolyze the diverse chitin types they encounter. For example, analysis of the genomic sequence of a *Streptomyces coelicolor* strain revealed as many as 13 putative chitinases \[[@b5-ijms-12-00056],[@b6-ijms-12-00056]\]. Nowadays, chitinases have been purified from various *Streptomyces* strains, but detailed studies on the enzymes that degrade chitin form exoskeletons or fungal walls are, however, scarce.

*Streptomyces* sp. TH-11 was isolated from the sediment of the Tou-Chien River in Taiwan in a previous study \[[@b7-ijms-12-00056]\]. A total of 305 isolates from different regions of the river were screened in the study. Twelve strains were found to be capable of degrading poly(β-hydroxybutyrate) (PHB), poly(ɛ-caprolactone) (PCL) and poly(ethylene succinate) (PES) and TH-11 is one of the best degraders \[[@b7-ijms-12-00056],[@b8-ijms-12-00056]\]. According to 16S rRNA sequence comparison, TH-11 shows 99% sequence identity with *Streptomyces viridochromogenes*, a strain that produces several chitinolytic enzymes. Since chitin is abundant in the natural habitat of TH-11, the chitinolytic activities of this strain were analyzed using chitin powder, glycol chitosan and raw shrimp shells in the present study.

2. Results and Discussion
=========================

2.1. Degradation of Chitin Powder by *Streptomyces* sp. TH-11
-------------------------------------------------------------

*Streptomyces* sp. TH-11 was cultured with degradation media containing 0.1% (w/v) chitin powder (Wako Pure Chem., Japan) with vigor agitation at 30 °C. The total dry weight of the culture was measured over 30 days ([Figure 1a](#f1-ijms-12-00056){ref-type="fig"}). Since many of the hydrolytic activities such as esterase or PES depolymerase of *Streptomyces* were reported to be inducible by addition of proteins such as gelatin to the culture media, the effect of gelatin addition was also measured. The degradation of chitin powder, demonstrated by the decline of total dry weight, was not enhanced by gelatin addition ([Figure 1a](#f1-ijms-12-00056){ref-type="fig"}). The cell growth, which is enhanced by gelatin addition, may have contributed to the increase of total dry weight at the early stage of culturing. It has been shown in a PES depolymerase study that prolonged culturing resulted in an increase of pH \[[@b8-ijms-12-00056]\]. In the present chitin powder degradation test, a similar increasing of pH value of the culture media is also observed during prolonged culturing ([Figure 1b](#f1-ijms-12-00056){ref-type="fig"}). Specific chitinolytic activity (U/mg total protein) in the medium produced by *Streptomyces* sp. TH-11 during the 30 days of the chitin powder degradation test was also tested after removal of cells and insoluble material by centrifugation and filtration. The highest specific chitinolytic activity (\~1100 U/mg total protein) was detected at day 12 to 16. It had also been reported that up to eight days of incubation is necessary for *Streptomyces* strains to reach maximum chitinase activity production in optimized liquid culture conditions \[[@b9-ijms-12-00056]\].

2.2. In-gel Activity Staining of Chitinolytic Enzymes from *Streptomyces* sp. TH-11
-----------------------------------------------------------------------------------

Culture media from the chitin powder degradation experiments were also collected by removal of the cells and other insoluble substances, and subjected to in-gel chitinolytic activity staining using a previously published method \[[@b3-ijms-12-00056]\]. The degradation of embedded glycol chitosan (Sigma-Aldrich, MO, U.S.) resulted in clear zones visualized by Coomassie Brilliant Blue G 250 ([Figure 2](#f2-ijms-12-00056){ref-type="fig"}). A clear zone corresponding to a MW of about 29 kDa was observed and appeared to be expressed in highest yield at day 12--16. This is consistent to the specific chitinolytic activity of the culture medium measured by reducing end production, which is also highest at day 12--16.

Chitinases of various molecular weights have been identified in various *Streptomyces* strains \[[@b10-ijms-12-00056]\]. These including a 20 kDa chitinase from *Streptomyces* sp. M-20, 28 kDa, 25 kDa, and 45 kDa from *Streptomyces* sp. NK 1057, 45 kDa and 45 kDa from *S. albovinaceus* S-22, 45 kDa from *Streptomyces* sp. ANU 6277, and 49 kDa from *S. griseus* HUT 6037 \[[@b11-ijms-12-00056],[@b12-ijms-12-00056]\]. Based on sequence similarity, chitinases are classified into two families: 18 and 19. Chitinases belong to family 18 are widespread among a variety of organisms, but those of family 19 are found almost only in higher plants. For *Actinobacteria*, the distribution of family 19 chitinase was systematically studied, and it was suggested that that family 19 chitinases of *Streptomyces* species were acquired from plants by horizontal gene transfer \[[@b13-ijms-12-00056]\]. Genomics analyses on *Streptomyces coelicolor* A3(2) genome have identified 11 family 18 and two family 19 chitinases \[[@b6-ijms-12-00056]\]. Among these, a 29 kDa family 19 chitinase Chi19F was identified with high activity toward glycol chitin and soluble chitin \[[@b6-ijms-12-00056]\]. Identification of the glycol chitosan hydrolyzing activity at 29 kDa in our study makes an addition to this repertoire. Further enzymatic studies are, however, necessary to characterize the 29 kDa chitinase.

2.3. Decomposition of Shrimp Shells by *Streptomyces* sp. TH-11
---------------------------------------------------------------

It is estimated that chitin composes 20% of raw shrimp shells in weight \[[@b14-ijms-12-00056]\]. To test the degradation of shrimp shells by *Streptomyces* sp. TH-11, the bacteria were cultured with degradation media containing 0.1% (w/v) dry and grinded shrimp shells with vigorous agitation at 30 °C. The total dry weight of the bacteria in the culture medium was measured over 21 days ([Figure 3a](#f3-ijms-12-00056){ref-type="fig"}). The shrimp shells were removed from the medium and the dry weights were measured to monitor the dissipation ([Figure 3b](#f3-ijms-12-00056){ref-type="fig"}). In 20 days, about half of the insoluble shrimp shells were diminished. Addition of 1 mg/mL gelatin to the media did not enhance the dissipation of shrimp shells by TH-11, but supported better cell growth.

2.4. Decomposition of Shrimp Shells Visualized by SEM and AFM
-------------------------------------------------------------

Atomic force microscopy (AFM) was utilized to detect the changes on the surface structure of the shrimp shells in the decomposition experiment. A comparison between day 0 and day 7 is shown ([Figure 4a, b](#f4-ijms-12-00056){ref-type="fig"}). The decomposition of shrimp shells was also demonstrated by scanning electron microscopy (SEM) at day 0, day 7, day 12 and day 16 ([Figure 4c, d, e, f](#f4-ijms-12-00056){ref-type="fig"}). Compared with the original surface at day 0, break down of the shrimp shell is apparent after incubation with *Streptomyces* sp. TH-11. *Streptomycetes* contain many chitinase genes to hydrolyze diverse chitin types with different molecular sizes, degree of acetylation, and associated organic/inorganic compounds. The aforementioned chitinolytic activity detected at 29 kDa, presumably a family 19 chitinase that is active on a soluble substrate, may not be the enzyme responsible for the decomposition of shrimp shells since family 19 chitinases are not active toward crystalline substrates \[[@b6-ijms-12-00056]\]. On the other hand, some of the chitinases may not have sufficient activity toward glycol chitosan and may not appear in the zymogram shown in [Figure 2](#f2-ijms-12-00056){ref-type="fig"}.

3. Experimental Section
=======================

*Streptomyces* sp. TH-11 was isolated from soil samples collected from the sediment of Tou-Chien River, Taiwan \[[@b7-ijms-12-00056]\]. *Streptomyces* was cultured in modified Starch-Casein medium (Starch 4 g, Casein 0.12 g, KNO~3~ 1.6 g, NaCl 1.6 g, K~2~HPO~4~ 1.6 g, MgSO~4~·7H~2~O 40 mg, CaCO~3~ 16 mg, FeSO~4~·7H~2~O 8 mg in 1000 mL water, pH 7) containing 50 μg/mL cycloheximide. Separation and detection of chitinolytic enzymes in glycol chitosan-containing polyacrylamide gel by electrophoresis and modified Coomassie Brilliant Blue G 250 staining were performed as previously described \[[@b3-ijms-12-00056]\]. Degradation media was prepared by mixing 1 g of chitin powder (Wako Pure Chem., Japan) in 1 L medium containing 0.1 g yeast extract, 10 mg FeSO~4~·7 H~2~O, 0.2 g MgSO~4~·7 H~2~O, 1 g (NH~4~)~2~SO~4~, 20 mg CaCl~2~·2 H~2~O, 0.1 g NaCl, 0.5 mg Na~2~MoO~4~·2 H~2~O, 0.5 mg Na~2~WO~4~·2 H~2~O, 0.6 mg MnSO~4~·H~2~O, and detergent (CH~3~(CH~2~)~n~COONa, *n* = 6\~14, Nice Co., Taiwan). Weight of the cells and remaining chitin in the liquid media after prolonged incubation were performed by direct measurement of the dry weight.

Chitinolytic activity was determined by measuring the reducing end group produced from glycol chitosan (Sigma-Aldrich, MO, U.S). The reaction mixture, consisting of 100 μL of enzyme solution, 36 μL of 25 mg/mL glycol chitosan (a final concentration of 1 mg/mL) and 764 μL of 0.1 M sodium acetate buffer, pH 5.0, was incubated at 37 °C for 30 min, and then the reaction was terminated by heating in boiling water for 15 min. The reducing end group produced was measured colorimetrically by potassium ferricyanide assay \[[@b15-ijms-12-00056]\]: the reaction solution was mixed with 1.0 mL potassium ferricyanide reagent, heated in boiling water for 15 min, and then subjected to spectrophotometry measurement at 410 nm. One unit of chitinase activity was defined as capable of releasing reducing ends corresponding to 1 μg of GlcNAc from glycol chitosan in an hour. Pacific white shrimp (*Litopenaeus vannamei*) was purchased from a local market. After boiling in water, the shrimp shell was peeled off, sun-dried and crushed.

Atomic force microscopy was performed using Dimension 3100 AFM with NS3a controller (Digital Instruments/Veeco Inc., Santa Barbara, CA, U.S.). Scanning electron microscopy was performed using a Hitachi S-570 (Hitachi, Japan).

4. Conclusions
==============

Chitinolytic systems of *Streptomyces* are usually composed of a diversity of enzymes with different specificities. In this study, chitinolytic activities of *Streptomyces* sp. TH-11 were demonstrated using three different substrates: chitin powder, glycol chitosan, and shrimp shells. Activity staining on the cell-free culture medium indicated an activity zone on embedded glycol chitosan at an approximate molecular weight of 29 kDa. The decomposition effects of shrimp shells by TH-11 were apparent as visualized using SEM and AFM, in addition to the reduction in shrimp shell mass. Taken together, as one of the best degraders we screened from the river sediment with depolymerase activities, the strain is also capable of decomposing different chitin substrates including β-chitin (crystalline powder), deacetylated chitin (glycol chitosan), and raw shrimp shells, presumably by producing different chitinolytic enzymes.
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![(**a**) Chitin powder degradation test (30 days). The dry-weight (mg) of the culture was measured after inoculation. Decrease of the total dry weight for samples with (solid square) or without (open square) gelatin (1 mg/mL); (**b**) Change of pH value of the culture media during the chitin powder degradation test. Samples cultured with or without gelatin (1 mg/mL) are shown by solid squares and open squares, respectively.](ijms-12-00056f1){#f1-ijms-12-00056}

![Detection of the chitinolytic activity in the culture medium of TH-11 during the chitin-powder degradation test. The cell-free samples prepared from the culture media were separated in a glycol chitosan-embedded SDS-PAGE and then stained using a previously reported method \[[@b3-ijms-12-00056]\]. The 29 kDa clear zones, which appeared to be most obvious at day 16, are indicated.](ijms-12-00056f2){#f2-ijms-12-00056}

![(**a**) Growth of *Streptomyces* sp. TH-11 on media containing ground shrimp shells; (**b**) Dissipation of shrimp shells monitored by direct weight measurement. Samples cultured with or without gelatin (1 mg/mL) are shown by solid squares and open squares, respectively.](ijms-12-00056f3){#f3-ijms-12-00056}

###### 

(**a**) The shrimp shells at day 0 visualized by atomic force microscopy (AFM); (**b**) The shrimp shells after 7 days of incubation with TH-11 visualized by AFM; (**c**) Scanning electron microscopy (SEM) of the shrimp shells at day 0; (**d**) SEM on the shrimp shells at day 7; (**e**) SEM on the shrimp shells at day 12; (**f**) SEM on the shrimp shells at day 16. Panels (c)--(f): magnification is 5000 ×.
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